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We review both lattice evidences and theoretical arguments supporting the existence of electric
flux tubes in quark-gluon plasma, above the deconfinement transition temperature T > Tc. At the
end of this comment, we also point out certain questions which still needs to be answered.
Let us start with two popular statements:
(i) Existence of flux tubes between two fun-
damental charges in QCD-like gauge theories
is among the most direct manifestations of the
confinement phenomenon.
(ii) Confinement is well described by the
“dual superconductor” model [1, 2] , relating
it to known properties of superconductors via
electric-magnetic duality.
In this note we discuss both of them, argu-
ing that they are only partially correct. In
fact we are going to argue that flux tubes do
exist even above the deconfinement transition
temperature, and that there are much better
analogies to confinement than superconductors.
Most facts and considerations needed to un-
derstand the phenomena discussed has in fact
been in literature for some time. The purpose
of these comments are simply to remind them,
“connecting the dots” once again, since these
questions continue to be asked at the meetings.
We will also point out certain aspects of the
phenomena which still need to be clarified.
I. FLUX TUBES ON THE LATTICE, AT
ZERO T AND NEAR Tc
Lattice gauge theory simulations have ad-
dressed the confinement issue from their begin-
ning, and by now there are many works which
studied the electric flux tubes between static
charges. Most of those are done at zero/low T .
The documented well the profile of the electric
field and the magnetic current “coiling” around
it.
The “dual superconductor” analogy leads to
a comparison with Ginzburg-Landau theory
(also called “the dual Higgs model”) and good
agreement with it has been found. These re-
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Figure 5. Behavior of the longitudinal chromoelectric field El (in physical units) versus the distance xt (in
physical units) from the axis connecting the static sources, at fixed value of the physical distance between the
sources and in correspondence of several values of temperature across deconfinement.
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We can see that the flux   drops down across deconfinement (Fig. 6(a)) while the penetration length
  remains almost constant (Fig. 6(b)), as well as the mean square root width (Eq. (5)) of the flux tube
and the square root of the energy per unit length (Eq. (6)).
FIG. 1: The longitudinal electric field as a function
of transverse coordinate is measured, for a number
of temperatures, for pure gauge SU(3) theory, from
[4].
sults are well known for two decades, see e.g.
the review [3].
However, recent lattice studies [4] exploring a
near-deconfinement range of temperatures have
found that a tube-like profile of the electric
field persists even above the critical tempera-
ture Tc, to at least 1.5Tc. One of the plots
from this work is reproduced in Fig.1. It corre-
sponds to pure gauge SU(3) theory, which has
the first order transition, seen as a jump in the
field strength. Note however that at T > Tc
the shape of the electric field transverse pro-
file remains about the same, while the width
is decreasing with T , making it even more
tube-like, rather than expected near-spherical
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2Coulomb behavior. (Note also that the length
of the flux tube remains constant, 0.76 fm for
this plot.)
Such behavior clearly contradicts the “dual
superconductor” model: in superconductors,
the flux tubes are only observed in the super-
conducting phase. Why do we observe flux
tubes in the “normal” phase, and do we really
have any contradictions with theory here?
II. DOES THE Tc INDEED
REPRESENT THE MONOPOLE
CONDENSATION TEMPERATURE?
Let us start by critically examining the very
notion of the deconfinement transition itself, fo-
cusing on whether it is indeed is the transition
between the super and the normal phases.
The Tc itself is defined from thermodynami-
cal quantities, and for pure gauge theories (we
will only consider in this note) its definition has
no ambiguities.
At this point it is worth reminding that in
fact the electric-magnetic duality relates QCD
not to the BCS superconductors, but rather to
Bose-Einstein condensation (BEC) of bosons,
the magnetic monopoles. Multiple lattice stud-
ies did confirmed that Tc does coincide with
BEC of monopoles.
One such study I was involved in [5] has cal-
culated the probability of the so called Bose
(or rather Feynman’s) clusters, a set of k
monopoles interchanging their locations over
the Matsubara time period. Its dependence on
k leads to the definition of the effective chemical
potential, which is shown to vanish exactly at
T = Tc. This means that monopoles do behave
as any other bosons, and they indeed undergo
Bose-Einstein condensation at exactly T = Tc.
Earlier studies by Di Giacomo and collabo-
rators in Pisa group over the years, see e.g. [6],
were based on the idea to construct (highly non-
local) order parameter for monopole BEC. It
calculates the temperature dependence of the
expectation value of the operator, effectively
inserting/annihilating a monopole, and indeed
finds a jump exactly at Tc.
In summary, it has been shown beyond a rea-
sonable doubt that Tc does indeed separate the
“super” and “normal” phases.
III. CONSTRUCTING THE FLUX
TUBES IN THE “NORMAL” PHASE
Since electric-magnetic duality relates QCD
not to the BCS superconductors, but rather to
BEC, let us at this point emphasize a signifi-
cant difference between them: the uncondenced
bosons are also present in the system, both
above and even below Tc, while the BCS
Cooper pairs of superconductor exist at T < Tc
only.
The first construction of the flux tube in the
normal phase has been made by Liao and myself
[7]. The key point is that it does not require
supercurrents. Indeed, various flux tubes are
found in plasmas: e.g. one can even see them
in solar corona in an average telescope. What
is needed for flux tube formation is in fact the
presence of dual plasma, a medium including
moving magnetic charges.
Their scattering on the electric flux tube
schematically shown in Fig.2 does not change
the monopole energy but changes direction of
its momentum, thus creating a force on the flux
tube. If it is strong enough able to confine the
electric field, a flux tube solution can be con-
structed.
For further details see the original paper
[7]. Let us only comment that (i) the “un-
condenced’ monopoles exert a larger force than
those in the condensate, as their momenta are
larger; and (ii) it has in fact been predicted
there that the highest T at which such solution
may exist is about 1.5Tc.
E
Monopole
electric flux tube
FIG. 2: A sketch of a monopole traversing the elec-
tric flux tube
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FIG. 2: Effective string tensions in the free energy σF (T )
(from [4]) and the internal energy σV (T ) (extracted from [3]).
about T = 1.3Tc, with a peak value at Tc about 5 times
(!) the vacuum tension σvac (see Fig.2).
(ii) This drastically different behavior persists to very
large distances, where linear behavior changes to satu-
rated values. Near Tc the internal energy flattens to huge
asymptotic value at large r →∞, e.g. V (T,∞) ∼ 4GeV
at Tc with the corresponding entropy S(Tc,∞) ≈ 20 im-
plying huge number of states involved, ∼ exp(20).
These features indicate strikingly strong interaction be-
tween the static color charges and the medium near Tc,
which persists into the deconfined phase.
Such static Q¯Q potentials at finite T are closely con-
nected with a number of phenomenological issues. For
example, the consequence of these features for the sur-
vival of quarkonium in deconfined plasma is much de-
bated, e.g. on what/which potential should be used [7–
9]. If, as suggested in [10, 11], the internal energy is used,
J/ψ state would exist even in the deconfined plasma in
1 − 2Tc. Persistence of some baryonic states above Tc
is also indicated by other observable like the baryonic
susceptibilities[12, 13]. These potentials also imply sig-
nificant interaction energy in the quark-gluon plasma and
in the many body context this may lead to a large clas-
sical plasma parameter Γ (defined as the ratio of average
interaction energy to average kinetic energy): indeed the
Γ value in sQGP has been estimated to be above one
(about 3) and thus in a typical liquid regime (see for ex-
ample [14–16]). If so, QGP would be a strongly coupled
Coulombic liquid, in agreement with the strong collec-
tive flow observed at RHIC, see more in reviews [17, 18].
Apart from QGP phenomenology, it is important to un-
derstand the microscopic origin of the potentials, espe-
cially the strong splitting between two potentials and the
large energy/entropy associated with the static Q¯Q pair
near Tc. Earlier attempts can be found in e.g. [19–21].
In this paper we will specifically focus on the “ten-
sions” σF and σV (as shown in Fig.2) related to the
linear part of the potentials (while leaving the discus-
sion of “screening” behavior at very large distances to
further studies). We will provide an explanation in the
framework of the magnetic scenario of QCD plasma near
Tc [15, 22–25]. In such a scenario, the near Tc QCD
plasma is strongly influenced by the magnetic compo-
nent, made of relatively light and abundant chromo-
magnetic monopoles. Those are quasiparticles above Tc
which undergo the Bose-Einstein condensation (BEC)
below Tc, enforcing color confinement (for reviews see
e.g. [26, 27]). Two key points of the present model for
the potentials are: First, we identify the Q¯Q free energy
as been probed by an adiabatically “slow separation” pro-
cess while the internal energy by a “fast separation” pro-
cess. Second, we further relate the linear part of poten-
tials with the flux tube formation, enabled by condensed
monopoles below Tc while thermal monopoles above Tc,
between the Q¯Q pair during the separation process [28],
and relate the free/internal energy tensions with the con-
densed/thermal monopoles respectively. These ideas will
be elaborated more in Section II and III.
The rest of the paper is structured as follows. In
Section-IV we will develop an analytic “elliptic flux bag”
model for a static charge-anti-charge pair by solving the
Laplace equation for electric field inside it. This al-
lows to get the potentials correctly interpolating between
Coulomb at short distance and linear behavior at larger
distance. The model will then be used in section-V to de-
termine the free and potential energies and relate the ex-
tracted σF (T ) and σV (T ) with the monopole condensate
and the thermal monopole density, respectively. Finally
we summarize the results in Section-VI.
II. FREE V.S. INTERNAL ENERGY AND
SLOW V.S. FAST SEPARATION
Let’s start by examining the difference between the
free energy and the internal energy. We already in-
troduced the effective string tensions σF (T ) and σV (T )
as the slopes of linear parts in F (T, r) and V (T, r)
respectively, and emphasized their quite different T -
dependencies shown in Fig.2. While σF vanishes at T >
Tc, σV survives to at least 1.3Tc. While σF monotonously
decreases with T , σV peaks at Tc to a maximal value of 5
times the vacuum string tension σvac. What is the differ-
ence in the meaning of F and V , and why do they have
such different T -dependence? As has been emphasized
in [10], the free and internal energies actually correspond
to slow and fast (relative) motion of the charges, respec-
tively. Let us explain this idea in more details.
Consider the “level crossing” phenomena, occurring
while the separation between charges is changed. Sup-
pose a pair of static charges (held by external “hands”)
are moved apart in thermal medium at certain speed
v = L˙. For each fixed L, there are multiple configu-
rations of the medium populated thermally. When L is
changed, the energies of these configurations are cross-
FIG. 3: Left: Free (red rhombs) energy F (r) and
potential (blue squares) energy V (r), at Tc, com-
pared to the zero temperature potential (black
line). Right: Effective string tension for the free
and internal energy, from [8].
IV. TWO STATIC POTEN IALS AND
THE FLUX TUBE ENTROPY ISSUE
So far there were no subtleties involved. But
let us asks now the following question: Pro-
vided these flux tubes at T > Tc carry some
tension (energy-per-length), does it still imply
existence of a linear potential between quarks,
up to T = 1.5Tc? And if they do, would it imply
that, in a sens , confinement rem ins enfor ed
there?
In order to have proper perspective on what
is going o , let us look back at lat ice studies of
the static quark (fundamental) potentials, e.g.
[8]. The key point is that there are two kinds
of the poten ials. At finite temp ratures the
natural quantity to calculate, for the observed
flux tubes between static charges, is the free
energy. It can be written as
F (r) = V (r)− TS(r), S(r) = ∂F
∂r
(1)
where S(r) is the entropy associated with a pair
of static quarks. Since it can be calculated from
the free energy itself, as indicated in the r.h.s.,
one can subtract it and plot also the potential
energy V (r). The derivatives over r are known
as the string tensions.
These lattice calculations have shown that
in certain range of r the tension is constant
(the tension is approximately r-independent).
Two resulting tensions, shown in Fig.3(left)
have very different temperature dependence.
The tension of the free energy shows the ex-
pected behavior: σF (T ) vanishes as T → Tc.
But the tension of the potential energy σV (T )
shows drastically different behavior, with large
maximum at Tc, and non-zero value above it.
This unexpe ted behavior was hidden in σF (T ),
studied in many previous works, because in it
a large energy and a large entropy cancel each
oth r.
So, everything would be consistent, provided
these novel flux tubes at T > Tc do indeed carry
the potential energy only, but no free energy
tension σV 6= 0, σF = 0. In other words, we
suggest that the potential energy detected (via
electric field squared) in [4] must be canceled
by the entropy associated with it, and no ac-
tual force between charges would be present in
equilibrium. This conjec ure can and should be
checked.
Similar comment applies also to the theoret-
ical calculation of the potential: in [7] only the
mec anical stability of the tube solution was
derived. The entropy associated with the flux
tube still remains to be calculated.
As a parting comment, while this conjecture
sounds like the well known idea of Hagedron
string transition, it cannot be exactly that. In-
deed, this idea is known to suggest that at
T > Tc s ring ge s t be infi itely long. If
so, the tube completely delocalizes, and there
would be a Coulomb field rather than what was
obser d by [4]. The entropy in question is per-
haps related to monopoles bound to the tube
rather than its multiple shapes. Also a Hage-
dorn transition s em to at odds with the
tension increase and size decrease as a function
of T observed.
4(Finally, let us for clarity mention that we
only discuss in this note static potentials in
thermal equilibrium. We do not discuss po-
tentials in quarkonia, in which quarks are not
standing but moving. This problem is associ-
ated with certain time scales, inducing devia-
tion from equilibrium and possible dissipation.
It would therefore require a completely separate
discussion.)
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